We describe a technique for microsurgical widening of the nerve root canal in the lumbosacral spine. We also report our early results in 31 patients (19 men and 12 women; average follow up, 3.2 years) with such foraminal stenosis but without osseous defects in the pars interarticularis and/or spondylolisthesis. The affected nerve root was decompressed by interlaminar medial foraminotomy followed by lateral laminotomy and foraminotomy using a microsurgical technique. The procedure aimed at preserving bony continuity of the pars interarticularis and segmental motion. Neurological results showed a favourable improvement of radicular symptoms and of intermittent claudication. The need for segmental fusion at the operated segment was excluded in 30 patients, but one patid.t subsequently required a transpedicular screw procedure with bone grafting. We recommend the present technique for effective decompression of the nerve root within the neural foramen, simultaneously maintaining lumbar spine mobile function.
Introduction
Osseous stenosis of the neural foramen is an uncommon cause of lumbar radiculopathy.1-3 This condition, in the so-called 'hidden zone , 4 of the lumbosacral spine, in the absence of spondylolysis or spondylolisthesis showing bony abnormality of the pars interarticularis (isthmus), may cause impingement of the intraforaminal nerve root anteriorly, posteriorly, or circumferentially. The treatment of foraminal stenosis includes unilateral facetectomy or hemilami nectomy for nerve root release followed by fusion at the affected segment. However, if the nerve root canal is widened without such an extensive bony resection and bone grafting, it may be desirable for the lumbosacral spine so as to avoid a concomitant segmental fusion and to maintain mobility as close to the preoperative status as possible. We described a microsurgical nerve root canal widening technique for selected patients with radiologically confirmed lumbo sacral intevertebral foraminal stenosis. This report describes our early results using this technique in 31 patients.
Patients and methods

Patient selection and clinical evaluation
Patients who had undergone microsurgical nerve root canal widening for lumbosacral foraminal stenosis with a minimum degree of I year follow-up were enrolled in the present study (average follow-up 3.2 years; range, I to 7.3 years). The cohort included 19 men and 12 women with an average age at operation of 49.1 years (range, 37 to 76 years). Patients presenting with symptomatic spondylolysis and isthmic or degenerative spondylolisthesis, showing osteocartilaginous nerve root compression with the neural foramen, were exlcluded from the study. These patients were treated with segmental fusion (poster olateral fusion and/or posterior lumbar intervertebral fusion) following extensive foraminal decompression. Prior to admission to our University Medical Centre, five patients had had one previous interlaminar operation, and one had undergone two interlaminar operations, without relief of leg pain and/or neuro genic claudication secondary to foraminal stenosis. It was clear that osseous foraminal stenosis was over looked in the preoperative diagnosis in these six patients. A modified assessment system based on that of An No clear anatomical correlation between the nerve root entrapment and these spondylotic changes were yet available in our patients, and, thus, consideration of this issue was excluded in this report. The surgical indication included (1) prolonged symptoms and signs of lumbar radiculopathy, (2) positive selective nerve root infiltrating test and distinct evidence of nerve root compression on images of radiculography, (3) evidence of foraminal stenosis by plain and helical CT (Figure lc) , and (4) absence of apparent clinical instability. In the follow-up examination, the possible development of abnormal radiological findings suggestive of seg mental instability at the operated segment was carefully evaluated. The operated segment was clinically unstable when the sagittal plane transla tion of the vertebra exceeded 3.5 mm (anterior slipping) and/or the anterior sagittal plane rotation increased by > 15° (hypermobility) on lateral radio graphs. An increase of scoliotic curvature (Cobb's angle � 15°) was also considered as another sign of instability.
Two independent observers, other than the principal surgeon (HB), were involved in the clinical and radiological follow-up.
Surgical technique
In general, the nerve root canal widening technique consists of two parts; (1) interlaminar medial fenestra- tion and foraminotomy, and (2) microsurgical lateral laminotomy followed by circumferential neural decom pression. This approach is essentially modified from that previously reported by Autri'l; ue et ai, ? Jane et ai, 8 and Fankhauser and de Tribolet, for the removal of intraforaminally herniated discs. A midline skin incision is used and a Taylor retractor is placed just lateral to the facet joints above and below the affected neural foramen. Interlaminar fenestration is performed in a standard fashion but care is needed to identify 'pedicular kinking' and 'subarticular impingment', 2 ,4 at the entrance of the affected neural foramen. ! In patients with type I or III foraminal stenosis with 'subarticular entrapment', a small amount of bone is resected from the anteromedial border of the superior articular process to decompress the affected nerve root at the entrance of the neural foramen ( Figure 2 ). As Beatty !O recommended, a fine-tipped 'foraminotomy rongeur' appears convenient to perform medial foraminotomy, but we prefer a high-speed diamond burr and a custom-made micro-Kerrison rongeur (with 2 mm blade and 1 mm thickness), because the anteromedial portion of the superior articular process is usually too Microsurgical lumbosacral nerve root canal widening H Saba et al hyperostotic and extremely hard to be resected by such a curette. In the presence of 'pedicular kinking', particularly on the concave side of degenerative scoliosis, a small amount of the inferomedial border of the pedicle can be resected (usually 1-2 mm width) with a high-speed burr to allow the nerve root to swing slackened. However, this maneuver is not essential for the medial foraminotomy. Approxi mately 25% of the isthmus width is resected medially to accomplish the medial foraminotomy, while a large amount of the posterior cortex of the isthmus should be preserved as much as possible to maintain its bony continuity.
The second step is decompression of the affected nerve root as well as the dorsal root ganglion following microsurgical lateral laminotomy and for aminotomy (Figure 3a) . For this purpose, the lateral portion of the isthmus and then the inferior articular process are partially removed with a high-speed diamond burr. The extent of bony resection varies from one patient to another and is determined by the degree of degenerative hypertrophy of the facet joint located caudal to the affected nerve root, but in most cases we preserve more than one-half of the transverse diameter of the isthmus. The anterior cortex of the isthmus facing the affected nerve root is removed by a high-speed diamond burr tilted obliquely or by using a curved foraminotomy rongeur. This step is essential for type I and III lesions. The ligamentum flavum, already torn during medial foraminotomy, is then identified. From this level, the ligamentum flavum is resected laterally using a Kerrison rongeur followed by full exposure of the dorsal root ganglion within the adipose tissue. Care is needed to explore the nerve root and dorsal root ganglion. The latter is usually stuck within the neural foramen by the hypertrophied facet joints rostrally and caudally. Bluntly retracting the nerve root and dorsal root ganglion cranially, vertebral osteophytes seen in type II and III lesions at the exiting zone of the neural foramen can be removed using a high-speed diamond burr (Figure 3b ) or a commerically available impactor. However, this procedure requires utmost attention so as to avoid application of a dangerous retraction force or afflicting mechanical injury to the nerve root.
During the nerve root and spinal nerve decompres sion, we often measure nerve root action potentials to confirm the actual level of neural compression ( Figure  4 ), but this examination is not essential for the surgical technique itself. A free fat graft is placed around the nerve root and dorsal root ganglion within the neural foramen, and a soft suction drain (eg Jackson drain) is positioned before wound closure.
In the present series, the time of operation ranged from 1.8 to 3.3 h, with a mean of 2.6 h. The blood loss averaged 84 ± 29 ml (mean ± standard deviation; range, 45 to 190 ml). The patient is allowed to sit and then ambulate 3 or 4 days after surgery with a lumbosacral spine brace and return to normal levels of activity 2 to 3 months later.
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Summary of early results
Spinal levels affected and types of foraminal stenosis
The affected spinal level was L3-4 in four patients (13%), L4-5 in 19 patients (61 %), and L5-S1 in eight patients (26%). All patients had single nerve root involvement, except in one case with L5-S 1 involve ment bilaterally (Figure la) . Ten patients were assessed to have type I lesion, six with type II lesion, and 15 patients had type III lesion. While the L4-5 level was the most frequently involved region, no remarkable correlation was found between the type of stenosis and the affected spinal level.
Clinical presentation and radiological follow-up
Demographic data of clinical presentation according to the type of foraminal stenosis are summarised in Table  1 . Twenty-six (84%) patients complained of lower back and gluteal spasm and/or pain preoperatively. Radi cular pain was reported by 24 patients even at resting position. Mechanical signs were observed in 14 patients before surgery and a variable degree of neurogenic intermittent claudication was reported by 17 (55%) patients. Neurological effects were more prominent in the sensory system than in motor function. At follow-up, about 50% of patients still com plained of low back discomfort, mostly with decreased magnitude, but the recovery from radicular pain and intermittent claudication was remarkable. A total of 11 patients (five patients with type I lesion, one with type II lesion, and five with type III lesion) were found to have decreased level of neurologic signs. Functional outcome was assessed as excellent or good in 25 patients, and fair or good in six patients. No patient developed lumbar spine instability, as defined by our radiological criteria. In one of two patients with poor outcome (one with type II lesion and another with type III lesion), presenting with severe spondylosis at the L3-4 level postoperatively, required a salvaging transpedicular screw arrangement to eliminate possible 'facet-induced' low back pain, 2 years after the nerve root canal widening operation.
Surgery-related complications
Two patients reported a temporary increase in dysesthesias or parasthesias along the affected nerve roots (one in L4 and another in L5 root distribution) in the first postoperative week, but both recovered spontaneously by the end of two postoperative weeks. No other complications, such as wound infection or haematoma, cerebrospinal fluid leakage, or fracture of the isthmus, occurred in our patients.
Discussion
Bony compression of the nerve root in the lumbosacral neural foramen, in the absence of isthmic spondylolysis and/or spondylolisthesis, is possible, but appears to be less recognised in comparison with usual spinal canal stenosis. I , 2 . ll Although current-generation CT and MRI are helpful in identifying intraforaminal pathology, it is not always easy to confirm symptomatic foraminal neural entrapment requiring surgical decompression. When surgery is indicated, it may be a generally accepted idea that the affected nerve root should be decom pressed through an extended bony resection, such as unilateral facetectomy or transpars foraminal decom-
Type III (n= IS) before surgery follow-up before surgery follow-up pression.1 2 After such an extensive decompression, it is in fact easy to mechanically stabilise and fuse the affected segment with hardware use. However, one wonders if complete decompression of the nerve root is possible without concomitant segmental fusion/ stabilisation, in order to preserve functional mobility at the affected segment. It is important to be concerned with the long-term adverse effect of segmental fusion on the adjacent spinal levels, so that the present 'non-fusive' and 'mobility-maintain ing' techniques for foraminal decompression may be expected to be one recommended surgical option. The presence of foraminal stenosis is confirmed only when compression of the nerve root by the osseous elements within the neural foramen is demonstrated radiologically. Radiological diagnosis of foraminal stenosis is infrequently difficult even by current generation CT and MRI, however. Recently, Smith et al13 and Zinreichl4 have recommended the use of helical CT scan to assess intraforaminal bony lesions and stenosis. Foraminal space narrowing can be visualised with helical CT images, using bone windows, soft tissue windows, and sagittal reforma tions. As Smith et al13 have advocated, such three dimensional display is also helpful in planning the surgical technique. We were not able to perform such stereotaxic assessment routinely, but in selected cases, multiplanar sagittal and coronal images as well as three-dimensional CT reconstructions were of use for determining osseous lesions within the neuronal foramen. However, possibly due to a variable degree of spondylosis at the affected level, we are not yet able to quantify differences in the canal size between healthy people and patients. On the other hand, transaxial and parasagittal MRI may also be helpful in evaluating the degree and site of nerve root compression within the neural foramen. However, as Zinreich 14 has pointed out, severe neural compression is frequently present on MRI despite benign or sometimes no clinical features. Furthermore, each plane of MRI demonstrates cross-sectional image of the nerve root subjected to complicated osseous as well as ligamentous compression within the neural fora men. As Epstein et al15 have also pointed out, it should be remembered that a high variability of associated structural (bony) abnormalities in the foraminal and far lateral area of the lumbar spine is observed in elderly patients. Therefore, at present time, we believe that radiological diagnosis of foraminal stenosis appears to be accomplished on individual basis by CTs and MRls. Selective nerve root infiltration technique with radiculography is one method that offers a good visualisation of the affected nerve root and the exiting lumbar spinal nerve. It often shows the anatomical deviation of the nerve root within the neural foramen. 2 We prefer this technique for anteroposterior assessment of the affected nerve root, but the findings of radiculography must be carefully compared with those of transaxial as well as helical CT images during surgical planning. This Microsurgical lumbosacral nerve root canal widening H Saba et al method, however, is rather technically demanding so that its indication and performance should be carefully considered.
The common surgical approach for foraminal stenosis may be unilateral facetectomyl6 or transpars addressl 2 followed by fusion/stabilisation at the operated segment. The use of transpedicular screws after such extensive decompression certainly ensures an immediate postoperative spine stability and facilitates early ambulation. While we think the use of this technique is one option in the surgical management of foraminal stenosis, we believe that a segmental fusion may be avoided if the operated segment can be maintained mechanically stable and functional. 17 For preservation of mechanical stability, it is essential to widen the neural foramen without unnecessary resection of a large section of the bone surrounding the nerve root within the neural foramen. The current technique is basically a refined method of Autrique et aF and by Jane et at' for removing foraminal herniated intervertebral discs, without a concomitant lumbar spine fusion. As these workers suggested, when the compressive lesion is removed from the medial and lateral approaches, it may be a good surgical option, saving a fusion technique.
For further enhancing the safety of our 'fusion saving' surgical modification, the use of microsurgical technique is recommended, as is often employed in the eXCISIOn of far-lateral herniated intervertebral disc.18-2 0 In the current series of cases, the dorsal root ganglion and the exiting spinal nerve were frequently found to be confined within the neural foramen by two pedicles, vertebral osteophytes, with a bulged annulus fibrosus, and a hypertrophied facet joint (superior articular process) caudally. Further more, in the far-lateral area, the hypertrophied synovial tissue in the degenerated facet joint may hinder a safe exposure and decompression of the affected nerve. The microsurgical approach would assist in safe decompression by minimising the risks of nerve injury during lateral foraminotomy. Darden et apo however, have recently reported a transient aggravation of dysesthesias following microsurgical resection of far-lateral herniated discs despite a very gentle manipulation of the nerve root ganglion and the exiting spinal nerve. In the present series, two (6%) patients complained of temporary increase of para esthesia in areas innervated by the affected nerve roots, possibly due to unintended manipulation of the ganglion. We suggest exercising utmost care during resection of vertebral osteophytes in type II or III lesions, the nerve root ganglion should be retracted caphalad during the decompression.
Although our preliminary results appeared neuro logicaly favourable, we are still uncertain how much isthmus must remain to assure biomechanical stability between the two facet joints. To our knowledge, there are no reports that have discussed this issue, however. It is generally believed that at least one-half of the facet joint is necessary for maintaining its biomecha-nical function after partial medial facetectomy for ordinary lumbar spinal canal stenosis. In most cases, we have thus attempted to preserve at least the middle half of the isthmus and the medial portion of the inferior articular process. At follow-up, there was no fracture at the partially resected isthmus and, thus, our technique may not be associated with future biome chanica I problems, even though the sU §festion is empirical. In this regard, Chen et at recently described a small degree of bone re-growth at the laminotomy site in the lumbar spine. This biological reaction is favourable for the isthmus to be mechanically strengthened. However, this suggestion warrants further evaluation based on long-term radiological follow-up.
We conclude that microsurgical nerve root canal widening via interlaminar medial foraminotomy and lateral laminotomy, without concomitant segmental fusion/stabilisation, is a useful surgical option for patients with symptomatic lumbosacral foraminal stenosis.
